As the concentration of the mixture at the feed position (z=0), Co, is usually different from that of the feed gas, Cf, the transport equations were solved under the boundarycondition of C= Co at z=0, to obtain the separation performance in a thermal diffusion column. To check the calculated results, a thermal diffusion columnwhich consists of two concentric vertical cylinders was used3 and separation of the binary gas mixture He-Ar was made.
Introduction
Whena temperature gradient is applied to a homogeneous mixture of gases, each component diffuses at a different velocity, dependent upon molecular mass and interaction between molecules. The component with the lower molecular weight is concentrated at the hot wall. A very effective method of utilizing thermal diffusion for the separation of mixtures was employedby Glusius and Dickel1}. When a Clusius-Dickel column is used to bring about separations in mixtures and operated in a continuous manner, it is very important to give information of the correlation between separations and conditions for apparatus and operations.
The correlations were derived theoretically by Furry, Jones and Onsager4), and reviewed and discussed theoretically and experimentally by Jones and Furry6).
As transport equations for columns reviewed by Jones and Furry incorporate a large number of assumptions, some modified theories have been presented by a number of workers2'3'7"9). These theories have been in agreement with experimental data. All of these experiments, however, have been carried out by using mixtures to bring about a small separation (less than 10%). Then theJones-Furry theory and its modifications which pertain to the separation of isotopic mixtures are valid for the above data. But these theories do not apply to the estimation of the separation of mixtures to bring about a large separation. In the present paper, from this point of view, separations of He-Ar mixture are measured in a thermal diffusion column which consists of two concentric tubes. As a result, it is found that new factors, fi(= <jeIgf) and £O(=LSILT), are necessary to determine separations.
In the range of the present experiments factor ft is very important. The concentration dependence of physical properties is neglected8). 5) The transverse difference of concentration is very small in comparison with the vertical one. 6) The temperature dependence of various quantities is neglected except the density in buoyant force6). Fromthe above assumptions, transport equations become as follows (reference to Fig. 1 ) :
In the enriching section
dz
In the stripping section
Boundary condition is C=C0 at z=0 (3) Co must be determined so as to satisfy total material balance and material balance for the lighter compo- 
R=oF\Gnat.
( 1 1 The material balance for the lighter becomes
Solutions to these equations become as follows:
enriching separation concentration is
and stripping separation concentration is
Thevalue of Co included in the above solutions must be determined so as to satisfy Eq.(5)\ CE and Cs were calculated by a digital computer. Now,let us consider the case in which the vertical concentration gradient is small and that in the column,
Then, Eqs. (15) and (16) becomerespectively
Jones-Furry assumed that the concentration at the feed position in the column was equal to that of the feed gas. In other words, the feed position must be chosen so that C0=CF. From this point of view, Powers et at. conducted all experiments under the conditions of'as=oE=oF\cl and Ls=LE=LT/2. To satisfy the condition of C0=CF in Eq. (5)", the following relation is necessary:
If HE=HSand KE=KS, the above becomes 1-/3=Co or oE\os=Ls\LE (1.8) Eq. (18) indicates that the experimental conditions specified by Powers et al. are enough to satisfy the relation ofC0=CF. However, Co is not equal to CF in the case where C(l -C) has no constant value over the column because of large separations, and where the feed enters at an arbitrary height of the column, and top and bottom products are taken continuously at an arbitrary ratio to flow rate.
Experimental Apparatus and Procedure
The schematic diagram of the experimental apparatus is shown in Fig. 2 . The column used for this investigation was constructed in the form of two concentric cylinders made of stainless steel, 14 mm being the outside diameter of the inner tube which was heated by nickel-chrome heater, and 40 mmthe inside diameter of the outer tube which was cooled by water.
The distance between the two tubes (2w) was 13 mm, and the column height was 154.5 cm. To prevent heater from bending caused by thermal expansion, the top of the heater was supported tightly and the bottom inserted, keeping a spacing, in a short pipe welded to the bottom flange of the column. To change feed position and measure hot wall temperatures, the outer tube has five holes at intervals of nearly one-fifth the column height along the column. The feed gas entered the column through one of these holes. The top product was taken out along the hot tube and the bottom product along the cold tube. Three thermocouples contact the inner tube through the other holes to measure hot wall temperatures. A high flow rate of water is used to keep the cold-wall temperature rise minimum, and inlet and outlet temperatures of cooling water through thejacketed outer tube were nearly equal. Experiments were performed under atmospheric pressure. At the beginning ofa run, the column and all pipelines were purged completely with feed mixture supplied from a gas bomb, and the feed rate was set at a specified flow rate. Then the inner tube was heated. The time at which the tube began to be heated was zero elapsed time. Twocapillary flow meters were used to set top and bottom product rates approximately at a desired rate, and the two product rates were measured exactly by soap film meters. Three controlling values for small flow rates were used, on leading vinyl tubes, to control feed rate and enriching and stripping flow rates. Considerable care was taken to maintain a constant feed rate and constant wall temperatures. All experiments were performed with He-Armixture of46.5 mole%He(8.1 mass%). The runs were made at heater temperature level of 100°C and 300°G, and at feed rates for the range of0 to 12X 10~3 g/sec. Samples taken from both the product streams were analyzed by gas chromatography periodically, and feed mixture concentration was analyzed twice before and after experiments. Sampling ports were located after the capillary to eliminate any disturbances introduced by sampling procedures. Sufficient time was allowed for reaching steady-state separation.
Experimental Results and Discussion
Approach to steady-state separations. It is shown in Fig. 3 that the time required to reach steady-state separation was about a half hour to one hour in the present experiments^This is the same time required for heater temperature to approach steady-state.
That is, it can be observed that the heating process of the heater is rate-determining in this column. Typical experimental results at steady-state are indicated in Table 1. 428 In this table, Jones-Furry theory was solved by boundary condition C=CF at z=0, using HF and KF as H and K, respectively. On the other hand, the authors' calculation was based on a more general condition C=C0 at z=0, using HE and Hs, and KE and Kg for enriching and stripping section, respectively.
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All physical properties were estimated with feed gas concentration and arithmetic mean temperature of heater and cooling water. Thermal diffusion constant <xt was taken to be 0.42. Effects of the cut(^) on separation concentrations
From Fig. 4 , two significant facts are found. The first is that enriching separation concentration CE decreases sharply to CF as /3 approaches 1, while in the stripping section Cs increases to CFas ft approaches zero. The second is that ft has a more sensitive effect on separation concentrations than feed rate. As shown in Fig. 5 and Table 1 Effects of feed position on separations Figure 7 shows that the effects of feed position on separations is negligible within the region of ten per cent of mean natural convection flow rate. This is in agreement with the view substantiated by A.L. Jones5), if the internal convective circulation is large as compared with the superimposed flow, that separation should be independent of the exact feed position. It is found from the calculated curves in Fig. 8 that feed position has no influence on separation concentrations. But the curves deviate from the experimental results when ft is small in the enriching and large in the stripping. This maybe due to negligence of the effects of concentration dependence of physical properties.
Concentration distribution in column
Experimental results and calculated concentration distribution are shown in Fig. 9 . It is possible to estimate the concentration in the column by using the calculated curves, because separation concentrations at both ends are in agreement with experimental data. The concentration in the column at the feed position deviates remarkably from the feed gas concentration.
Graphic Estimation of Separation and Other Operating Variables
It is convenient for the design of the column to estimate graphically many operating variables required in separations.
As expressed in Eqs. (15) The point at which 0H and 0K have the above value in Fig. 10-a therefore, LT=287 cm.
The experimental data for 1^=154.5 cm, aF=8.0x
10~3 g/sec and £=0.2 indicates CE to be 0.245 from Fig. 6 . Therefore, nearly twice the column length used in the present work is necessary to raise CE by 0.055 of the rest.
3) Neither 0H nor 0K can be calculated as they contain the unknownfeed rate oF. l0-3 g/sec. Thus, aF is determined by using the dimensionless quantity A. The corresponding experimental result shown oF to be 5.2X10"3 g/sec in Fig. 6 .
Conclusion
Jones-Furry theory is not valid*for the estimation of separations of mixtures which bring about large separations in a thermal diffusion column. To estimate separations, total material balance over the column and consideration of how to determine the concentration at the feed position in the column are necessary. As a result, it was found that new factors P(=geIvf)
and^0{=LsjLT) are necessary to determine separations. The following facts were obtained from experimental results.
1) The cut(^) has a sensitive effect on separations, and it is larger than the effect offeed rate.
2) Feed gas position is not the major factor affecting separations in the range ofR<.0. Literature Cited
